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Abstract 

Fragility curves provide the vulnerability between hazard intensity and an asset. Federal 
installations may include many different electricity and water infrastructure types (or assets) 
such as generators, wind turbines, solar PV, switch yards, substations and power lines as well 
as water distribution systems that could be affected by different hazards. The vulnerability of 
each asset is a function of its age, type of materials and maintenance. In addition, the 
vulnerability changes with the hazards intensity and has a probability distribution function 
associated with it. The fragility functions are used in conjunction with hazard probability and 
consequence valuations to determine the values at risk for examination of investment grade 
analyses of alternative mitigation strategies. This document provides examples of fragility 
functions and links to their sources for different electricity and water infrastructure assets by 
hazard type.  
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Summary 

Fragility curves provide the vulnerability between hazard intensity and an asset. Federal 
installations may include many different electricity and water infrastructure types (or assets) 
such as generators, wind turbines, solar PV, switch yards, substations and power lines as well 
as water distribution systems that could be affected by different hazards. The vulnerability of 
each asset is a function of its age, type of materials and maintenance. In addition, the 
vulnerability changes with the hazards intensity and has a probability distribution function 
associated with it. For example, a hazard like a hurricane and associated flooding, earthquake, 
or tornado doesnôt come with one probability and the value of the damage comes with its own 
probability function. Thus, the value of the loss is not simply the probability of hazard times the 
probability of the vulnerability times the probability of the consequence as we usually do in a 
simple risk equation.  

Thus, the fragility functions are used in conjunction with hazard probability and consequence 
valuations to determine the values at risk for examination of investment grade analyses of 
alternative mitigation strategies. The solution is more appropriately approached using a Monte 
Carlo simulation to draw from appropriate distribution functions for each hazard, vulnerability 
and consequence for each asset. If the analyst only uses the simple approach, the value at risk 
likely doesnôt well represent the multivariate probability solution. Using the inappropriately 
defined value of risk could affect the benefit cost analysis in such a way as to choose a solution 
that provides benefit cost ratios (BCR) greater than 1 that reduce the risk faced by the 
installation, but not as much as a mitigation solution that if properly valued could reduce the risk 
substantially more but didnôt provide a BCR greater than 1 using the simpler approach to 
evaluating the value at risk.   

This paper provides examples of the fragility curves by hazard infrastructure system (electricity 
and water) and the associated asset type and documents and provides links to their sources for 
different electricity and water infrastructure assets by hazard type. The following hazards (Table 
E.1) were found to have fragility functions associated with different infrastructure types 
associated with energy and water delivery. 

 Table E.1. Hazards with electricity and water infrastructure fragility functions  

Climate Based Hazards Non-Climate Based Hazards 

Tornado 
Hurricane 
Wildfire 
High Wind 
Flood 
Wind and Ice 
Tsunami 

Earthquakes 
Volcano 
Geomagnetic Storms 

The following are some of the assets found, documented and sourced: Substation, transmission 
and distribution, power generation plant, hydropower system, high voltage equipment, wind 
turbines, transformer, power grid, concrete pole, utility pole, circuit breaker, telecommunication 
tower, tower line, and a transmission tower. 
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Acronyms and Abbreviations 

BCR Benefit Cost Ratio 

CLIP Cascadia Lifelines Program 

PGA Point ground acceleration
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1.0 Introduction 

Fragility curves provide the vulnerability between hazard intensity and an asset. Federal 
installations may include many different electricity and water infrastructure types (or assets) 
such as generators, wind turbines, solar PV, switch yards, substations and power lines as well 
as water distribution systems that could be affected by different hazards. The vulnerability of 
each asset is a function of its age, type of materials and maintenance. In addition, the 
vulnerability changes with the hazardôs intensity and has a probability distribution function 
associated with it. For example, a hazard like a hurricane and associated flooding, earthquake, 
or tornado doesnôt come with one probability and the value of the damage comes with its own 
probability function. Thus, the value of the loss is not simply the probability of the hazard times 
the probability of the vulnerability times the probability of the consequence as we usually do in a 
simple risk equation.  

The solution is more appropriately approached using a Monte Carlo simulation to draw from 
appropriate distribution functions for each hazard, vulnerability and consequence for each asset. 
Additionally, if there are multiple assets at risk, which could affect electricity and/or water outage 
durations, the value at risk is a function of all the assets that lead to the outage duration, which 
necessarily is not one value for the hazard, vulnerability and consequence.  If the analyst only 
uses the simple approach, the value at risk likely doesnôt well represent the multivariate 
probability solution. Using the inappropriately defined value of risk could affect the benefit cost 
analysis in such a way as to choose solution that provides benefit cost ratios (BCR) greater than 
1 that reduce risk but not as much as one that if properly valued could reduce the risk 
substantially more but didnôt provide a BCR greater than 1. 

Thus, the fragility functions are used in conjunction with hazard probability and consequence 
valuations to determine the values at risk for examination of investment grade analyses of 
alternative mitigation strategies. Federal analysts widely use BCR to determine if a project is 
cost-effective when allocating funding to projects or determining if regulatory actions or 
investment decisions provides more benefits that costs. For example, FEMA requires the 
completion of a BCR worksheet when applying for Federal disaster funds. BCR is often 
considered the analysis of choice because it offers an ñapples-to-applesò approach to 
comparing projects. However, BCR analysis oftentimes requires more detailed data than simply 
risk equations. If an analyst was to input higher-level data, they could potentially inappropriately 
define the value of risk. As a result, it uses the inappropriately defined value of risk could affect 
the benefit cost analysis in such a way as to choose solution that provides benefit cost ratios 
(BCR) greater than 1 that reduce risk but not as much as one that if properly valued could 
reduce the risk substantially more but didnôt provide a BCR greater than 1. The fragility functions 
in this paper can be used in conjunction with resilience valuation methodology found in 
ñFramework for Quantitative Evaluation of Resilience Solutions: An Approach to Determine the 
Value of Resilience for a Particular Siteò and available at 
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-28776.pdf  

This paper seeks to make it easier for analysts who want to evaluate projects using BCR to find 
more publicly available data on individual asset fragility curves to fully calculate the value at risk. 
This paper provides a synopsis of identified resources for fragility curves for electricity and 
water, briefly documents their content with a summary of the hazards and assets examined and 
any other aspects of the resource and provides a citation and link for the resource. The paper 
provides examples of the fragility curves by hazard infrastructure system (electricity and water) 
and the associated asset type. The following hazards that affect electricity were investigated for 

https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-28776.pdf
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their fragility curves are shown in Table 1.1. Assets identified from the literature and databases 
are identified by infrastructure type and hazard in Table 1.2.  

Table 1.1. Hazards for which fragility functions are included in this report 

Climate Based Hazards Non-Climate Based Hazards 

Tornado 
Hurricane 
Wildfire 
High Wind 
Flood 
Wind and Ice 
Tsunami 

Earthquakes 
Volcano 
Geomagnetic Storms 

Table 1.2. Fragility functions assets by identified hazard 

Assets Infrastructure System Hazards 

Earthquakes   

Substation Electricity, Earthquakes,  

Transmission and Distribution Electricity, Earthquakes,  

Power Generation Plant Electricity, Earthquakes, Wind 

Hydropower System Electricity, water Earthquakes 

High Voltage Equipment Electricity Earthquakes 

Wind Turbine Electricity Earthquakes 

Transformer Electricity  Earthquakes 

Power Grid Electricity Earthquakes 

Lifelines Electricity Earthquakes 

Concrete Pole Electricity Earthquakes 

Substations Electricity Earthquakes 

   

Wind   

Wind Turbine Electricity Wind 

Utility Pole Electricity Wind 

Circuit Breaker Electricity Wind 

Telecommunication Tower Electricity Wind 

Tower Line Electricity Wind 

Transmission line Electricity  Wind 

Transmission Tower Electricity  Wind 

Transmission Overhead Line Electricity Wind 

   

Hurricane   

Transmission Tower Line Electricity Hurricane 

Circuit Breaker Electricity Hurricane 

Transmission Tower Electricity Hurricane 

Solar Panel Electricity Hurricane 

Power Grid Electricity Hurricane 

Electrical Conductor Electricity Hurricane 

Energy Infrastructure Electricity Hurricane 

Residential Building  Hurricane 

Nuclear Power Plant Pipping Electricity Hurricane 

Yucca Mountain Nuclear Waste 
Repository 

Electricity Hurricane 

Oil Pumping Station  Hurricane 

Urban Gas Pipeline  Hurricane 
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Assets Infrastructure System Hazards 

Electric Substation Electricity Hurricane 

   

Ice Loads   

Transmission Tower Electricity Ice Loads 

Tsunami   

Utility Pole Electricity  Tsunami 

   

Flood   

Building Component (AC unit / 
outlet) 

Electricity Flood 

Electrical Component Electricity Flood 

Power Grid Electricity Flood 

   

Geomagnetic Storm   

Power Grid Electricity Geomagnetic Storm 

   

Pumping Station Water Earthquakes 

Water Treatment Plant Water Earthquakes 

Buried Plants Water Earthquakes 

   

Volcano   

Water Treatment Site Water Volcano 

   

Severe Temperatures   

Distribution Transformers Electricity Heat (high temperature) 

   

Loss Valuation Functions   

Manufacturing Plant Electricity Power outage 

Health Care Equipment Electricity Power outage 

Industrial Customers (Factories) Electricity Power outage 

   

Tornado   

School Building  Tornado 

Residential Building  Tornado 
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2.0 Earthquakes 

The following section provides a synopsis of the assets and their fragility functions by asset 
type. Some databases like the CLiP database contain many different assets and configurations 
of the asset while others may be report only on the fragility function of the specific asset type. 
Where the synopsis covers an entire database, the major components and assets will be 
described and a short description of how to use the database will be provided.  

2.1 CLIP Lifelines Fragility Database 

The CLiP Lifelines Fragility Database v 0.1.0 is a fragility function viewer developed with the 
financial support of a research cooperative of Oregon-based lifeline providers called Cascadia 
Lifelines Program (CLiP located at https://cascadia.oregonstate.edu/). The database was 
created to gather fragility functions suitable for Oregon lifelines to allow for the quality 
assessment of existing fragility functions and to detect missing fragility curves that may be 
appropriate for Oregon lifelines.1  

2.1.1 Content 

Clip Lifelines Fragility Database v 0.1.0 contains fragility functions retrieved from publicly 
available sources such as INCORE (van de Lindt, 2019), SYNER-G (SYNER-G, 2013), HAZUS 
(FEMA, 2010), the Portland Bureau of Environmental Science (BES, 2018) and other published 
papers. The database is structured following a hierarchy of infrastructure systems, hazards, and 
fragility function attributes. All the fragility functions in the database except for two were 
developed for earthquake hazards. The other two functions are based on tornado hazards. 
Table 2.1. The breakdown of content of the CLiP DatabaseTable 2.1 shows the breakdown of 
the database content. The table was retrieved from CLIP FRAGIITY REPORT found on the 
database website shown above located at 
https://clip.engr.oregonstate.edu/CLiPFragilityDatabase/.  

Table 2.1. The breakdown of content of the CLiP Database 

Infrastructure System Infrastructure Subclass Number of Fragility Functions 

Electric Power System Substation 
Transmission and Distribution 
Power Generation Plant 

119 
7 
40 

Wastewater System Buried Pipes 70 

Water System Pumping Station 
Water Treatment Plant 
Buried Pipes 
Reservoir, Wells, Storage Tank 

22 
18 
43 
51 

Transportation System Roads 6 

 
1 M S Alam, B G Simpson, A R, B M J Olsen. Fragility Function Viewer. CLiP Lifelines Fragility Database v 

0.1.0. School of Civil & Construction Engineering. Oregon State University. 
https://clip.engr.oregonstate.edu/CLiPFragilityDatabase/  

M S Alam, B G Simpson, A R Barbosa. 2020. Defining Appropriate Fragility Functions for Oregon. A 

report for the Cascadia Lifeline Program. School of Civil and Construction Engineering. Oregon 

State University. https://app.box.com/s/vkq345sz5rvyd49k9nnjhvu907fqnkb8  

 

https://cascadia.oregonstate.edu/
https://clip.engr.oregonstate.edu/CLiPFragilityDatabase/
https://clip.engr.oregonstate.edu/CLiPFragilityDatabase/
https://app.box.com/s/vkq345sz5rvyd49k9nnjhvu907fqnkb8
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Infrastructure System Infrastructure Subclass Number of Fragility Functions 

Bridges 
Embankment 
Abutment 
Tunnel 
Railway Track 
Port and Harbor 

436 
8 
8 
10 
5 
20 

2.1.2 How to use the database 

The CLiP Lifelines Fragility Function viewer allows the user to exploit the database in three 
steps: 

¶ First Step: Viewing a single fragility function using the Single Fragility Function pane. A 

user can choose a fragility function based on infrastructure system, infrastructure 

subclass, and hazard type. The user can then select the given fragility function by 

clicking on the check box. The Single Fragility Function pane will display the plotted 

fragility function and allow the user to examine it.  

¶ Second Step: Comparing two or more fragility functions using the Comparison of 

Fragility Functions pane 

After examining a single fragility function, a user may want to plot and view multiple 

fragility functions at once for comparison purposes. To do so, the user can search for 

and select several distinct functions by checking their corresponding check boxes. The 

Single Fragility Function pane will display the last selected fragility function; however, the 

Comparison of Fragility Functions pane will display all the selected functions based on 

intensity measures (i.e., PGA, PGV, Sa(g) é) 

¶ Third Step: Exporting fragility functions reference information using the Fragility 

Functions for Exporting pane 

CLiP Lifelines Fragility Function viewer also allows users to download fragility functions 
reference information. To do so, a user should select one or multiple fragility functions and click 
on the EXPORT tab located in the Fragility Functions for Exporting pane. This action will create 
and download a csv format file containing the description of each selected function. The 
description includes the author and research paper that was used to develop each function.  
Nevertheless, the fragility functions graphs are not included in the csv file. 

2.2 Concrete distribution poles 
 
              Baghmisheh and Mahsuli (2021)1 discuss probabilistic collapse and damage models for 
reinforced concrete poles in electric power distribution systems and analyze the collapse and 
damage pattern of poles under earthquake stimulations. Structurally, the paper first develops 
specific element models of the H-type reinforced concrete pole and verifies these models via 
observed damage in previous earthquakes and anterior experimental analyses. Then, the study 
subjected the models to nonlinear static analyses before conducting an incremental dynamic 
study to evaluate the sensitivity of the seismic response and collapse mechanism of poles 
based on concrete strength and the direction of ground motion. Using the incremental dynamic 
analysis outcomes, the authors derived collapse and damage fragility models for 9 meters, 12 

 
1 A G Baghmisheh, M Mahsuli. 2021. ñSeismic performance and fragility analysis of power distribution 

concrete polesò. Soil Dynamics and Earthquake Engineering 150(2021)106909. 
https://doi.org/10.1016/j.soildyn.2021.106909  

https://doi.org/10.1016/j.soildyn.2021.106909
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meters, and 15 meters long poles by employing the maximum likelihood method. The paper 
notes that its proposed models give the possibility to factor in the effect of damage incurred by 
the power distributions lines in both the seismic study of electrified communities and seismic risk 
assessment of the power distribution networks.  

               Remarks: The intensity measures used for the fragility curves are Point Ground 
Acceleration (PGA) and Spectral Acceleration (Sa). Mathematical function forms are found on 
pages 3 and 4, and fragility function graphs are found on pages 12 and 13. 

Hognestad's model for stress-strain relationship of concrete in compression is shown on 
Equations 1 and 2 below.  

  Ὢ  Ὢ  
ς‐

‐
 
‐

‐
 
ς
        ρ        

           ‐έ    
ς Ὢὧ
 ᴂ

Ὁὧ
                       ς   

  
Where fc = compressive concrete strength  

   fcô = maximum concrete strength 
   Ec= elastic modulus  
   ắc= any strain 
   ắo = strain associated with stress fcô 
 

The functional forms can be seen in the three figures below (Figure 1) for 9-meter, 12-
meter, and 15-meter-long poles.  

Figure 1. Fragility curves for (a) the 9 m -long, (b) 12 m-long, and (c) 15 m-long poles.  
Source: Baghmisheh and Mahsuli, 2021. 

2.3 Transformers 

 Dinh et al. 20191 present a study about the seismic vulnerability of a hybrid mold 
transformer based on a dynamic approach that includes the experimental results of shaking 

 
1 N H Dinh, J-Y Kim, S-J Lee, K-K Choi. 2019. ñSeismic Vulnerability Assessment of Hybrid Mold 

Transformer Based on Dynamic Analysesò. 2019. Applied Sciences 9-15(2019) 3180. 
https://doi.org/10.3390/app9153180 

https://doi.org/10.3390/app9153180
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table tests. The authors developed an analytical model whose dynamic parameters are based 
on the shaking table results.They used it to simulate the hybrid mold transformer before 
performing a reliability test to verify the analytical model. Regarding the seismic vulnerability 
test, the paper analyzed three critical damage states through three performance levels 
described in ASCE 41-17 and conducted dynamic analyses using a set of twenty earthquakes 
and variations of certain parameters of the mold transformers.   

Remarks: The study used a 3800 kg cast resin-type hybrid mold transformer that has a 
maximum capacity of 1000 kVA, and its dimensions are 2110 mm (height) X 1900 mm (length) 
X 1030 mm (width). 

 The intensity measure used is Point Ground Acceleration (PGA). Mathematical fragility 
function forms can be found on page 10, and fragility graphs on page 19. Various graphs for 
critical dynamic responses effect of coil mass variation on the mold transformer are found on 
pages 17 and 18. 

 Equation 2 provides the relationship between the probability of exceedance and a 
specific intensity level in a log-normal distribution function. Figure 2 shows the functional form 
graphically. 
 

ὖὈὛȿὍὒ ὼ  ɮ
ÌÎ ὼȾ—


                  σ 

 
Where: P = probability that a component response exceeds a determined 

performance level at a given ground motion 
DS = specified damage state 
IL   = intensity level 
ὼ   = intensity level value 
ɮ   = standard normal cumulative distribution function 
ɗ    = median of fragility function 
ɓ    = standard deviation of fragility function 
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Figure 2. Fragility curves for different damage states of the mold transformer 
Source: N H Dinh, J-Y Kim, S-J Lee, K-K Choi. 2019.  

2.4 Electric Substation Equipment 

  Mohammadpour and Hosseini(2022)1 propose a strategy to reduce the uncertainty of 
electric power equipment fragility curves that are generally created using high dispersion data 
usually obtained by time history analyses and field investigations. The first part of their strategy 
consists of substituting peak ground acceleration (PGA) as intensity measure with spectral 
acceleration, Sa(T1 ), at fundamental periods of the system. The second step consists of 
applying Sa(T1) + Sa(T2) as the intensity measure. The last step pertains to using a set of 
scenario earthquakes for time history analysis rather than randomly selected accelerograms. In 
the paper, the authors began by providing a succinct history of fragility curve creation for electric 
power equipment before presenting studies that attempted to increase the reliability of these 
curves. They went on to compare the results of their method with approaches from the other 
studies they surveyed and concluded that using Sa(T1)+Sa(T2) leads to higher consistency.  

  Remarks: The electric substation equipment studied are post insulator (PI) and current 
transformer (CT). Multiple fragility function graphs are displayed throughout the document. 
However, there is not any mathematical function provided. The following graph can be found on 
page 16. 

 
1 S Mohammadpour, M Hosseini. 2022. ñDispersion reduction of the analyses data for more reliable 

fragility curves of selected electric substations equipment ò. Bulletin of Earthquake Engineering 20 
(2022) 5519-5544. https://link.springer.com/article/10.1007/s10518-022-01391-2  

 

https://link.springer.com/article/10.1007/s10518-022-01391-2
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Figure 3. Exceedance probability of 63KV post insulator, DI values of 11.72 MPa(left) and 23.44 
MPa (right).  
Source: S Mohammadpour, M Hosseini.2022 

2.5 High-Voltage Electrical Equipment  

  Liu et al. (2020)1 use the cumulative Gaussian distribution function to analyze the 
relationship between the damage rate of high-voltage equipment and the instrumental seismic 
intensity. The study is based on the damage data of high voltage equipment in the Wenchuan 
earthquake in China in 2008. The paper employs the Kriging interpolation method to calculate 
the instrumental seismic intensity at 110kv and above voltage level and estimates the 
instrumental seismic intensity at strong motion monitoring stations before using the Gaussian 
function to develop the fragility curves of six types of high-voltage equipment. The equipment 
types include circuit breaker, transformer, current mutual inductor, voltage mutual inductor, 
lighting arrester, and isolating switch. In conclusion, Liu et al. (2020) indicate that transformers 
are the most vulnerable type of equipment to earthquake hazards, followed by lightning 
arresters.  

  Remarks: The intensity measure used is instrumental seismic intensity. The      
explanation for its calculation is given in section 2 of the paper. Several mathematical functions 
are provided on pages 2,3,4 and 6, while fragility function graphs are found on page 8. 

Equation 4 and 5 represents the cumulative Gaussian distribution function that shows the 
relationship between instrumental seismic intensity and the damage rate of high voltage 
equipment. Figure 2.4 shows the functional form graphically.  

Ὂὼ πȢυ πȢυὩὶὪ
ὼ ‘

„Ѝς
          τ 

 

 
1 R Liu, M Xiong, D Tian.2020. ñRelationship between Damage Rate of High-Voltage Electrical Equipment 

and Instrumental Seismic Intensityò. Advances in Civil Engineering (2021). Article ID 5104214, 10 
pages. https://doi.org/10.1155/2021/5104214  

 

https://doi.org/10.1155/2021/5104214
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Where: F(x) = distribution function 
             x = random variable following Gaussian distribution 
             ů = standard deviation 
             µ= expected value  

             erf(x) =   
Ѝ
᷿Ὡ Ὠὸ              υ 

 

 
Figure 4. Damage probability curves for all kinds of high voltage electrical equipment.  
Source: R Liu, M Xiong, D Tian. 2020 

2.6 Electric Power Stations 

  Cavalieri et al.1 wrote the sixth chapter of a book series entitled Geotechnical, Geological 
and Earthquake Engineering (GGEE, volume27) which covers various fragility curves topics and 
related assets such as waste-water systems, oil, and gas networks, electric power stations, and 
more. In their work, Cavalieri et al. propose a survey of fragility models for the parts of electric 
power networks by first presenting the major features of an electric power network and its 
relevant taxonomy. Then, the authors highlighted the key details for a few chosen papers on 
fragility functions before selecting specific fragility curves most relevant for use in the European 
context. The selection is based on the data used for the models and the adopted simulation 
methodology. 

 
1 F Cavalieri, P Franchin, P E Pinto. 2014. ñFragility Functions of Electric Power Stationsò. In: Pitilakis, K., 

Crowley, H., Kaynia, A. (eds) SYNER-G: Typology Definition and Fragility Functions for Physical 
Elements at Seismic Risk. Geotechnical, Geological and Earthquake Engineering, vol 27. 
Springer, Dordrecht. https://doi.org/10.1007/978-94-007-7872-6_6 

https://doi.org/10.1007/978-94-007-7872-6_6


PNNL-33587 

11 
 

  Remarks: Point ground acceleration (PGA) is the intensity measure used for all fragility 
graphs except one. Also, all the curves are in lognormal cumulative distribution functions 
expressed in the logarithmic standard deviation beta (ɓ) and the logarithmic mean lambda (ɚ). 

Equations 6 and 7 on page 11 of the chapter define lambda and beta, while the graphs that 
display fragility curves are found on pages 16 to 13; and 25 to 26. Figure 2.5 shows the fragility 
curves for small generation plants.  

‗ ÌÎά           φ 

 πȢχτz ÌÎχυ ὴὩὶὧὩὲὸὭὰὩÌÎςυ ὴὩὶὧὩὲὸὭὰὩ πȢχτzὍὗὙ       χ 

 
Where ɚ = logarithmic mean 
            m= median 
             ɓ= logarithmic standard deviation 
  0.74= value from range 0 to 0.75 in the selected intensity measure 
           IQR= interquartile range of the associated normal distribution 

 

 
Figure 5. Fragility curves for small generation plants, with anchored (left) and unanchored (right 
components).  
Source: F Cavalieri, P Franchin, P E Pinto. 2014. 

2.7 Hydropower Systems 
 
  Lin and Adams (2007)1 present the results of their study on the vulnerability of the 
components of Canadian hydropower installations under earthquake excitations. Their analysis 
focused on eastern and western Canadian dams and their associated components, such as 
switchyards, hydropower plants, complementary equipment, and transmission towers. To carry 
out the study, the authors calculated the seismic vulnerability for designated hydropower 
components and calculated the seismic hazard using the model built by the Geological Survey 
of Canada. According to the paper, the switchyards and power plants are the most fragile parts 
of a hydropower system. 
 
  Remarks: The intensity measure used is point ground acceleration (PGA).  Figure 2.6 is 
found in page 8 of the article and graphically shows the damage probabilities of the hydropower 
system. 
 

 
1 L Lin, J Adams. 2007. ñLesson for the Fragility of Canadian Hydropower Components under Seismic 

Loadingò.  https://www.earthquakescanada.nrcan.gc.ca/hazard-
alea/2007/9CCEE/9CCEE_Lin_Adams_p1186.pdf  

https://www.earthquakescanada.nrcan.gc.ca/hazard-alea/2007/9CCEE/9CCEE_Lin_Adams_p1186.pdf
https://www.earthquakescanada.nrcan.gc.ca/hazard-alea/2007/9CCEE/9CCEE_Lin_Adams_p1186.pdf
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Figure 6. Probability distributions for hydroelectric components at the selected site. (a) Slight 
damage, (b) light damage, (c) Moderate damage, (d) Heavy damage.  
Source: Lin, Adams. 2007 

2.8 Power Grid 

  Veeramany et al. (2018)1 promote the risk modeling framework for high-impact, low-
frequency power grid events developed by the Pacific Northwest National Laboratory. The 
paper illustrates the framework application for seismic and geomagnetic hazards and presents 
the method used to conduct fragility evaluation, hazard analysis, post-event restoration, and 
consequence assessment.  

  Remarks: The intensity measure used is PGA. The demonstration of the framework 
application is based on transformers, buses, and transmission towers. Figure 2.7 shows the 
resulting fragility curve for transformers. It is found on page 2 of the article. The mathematical 
functions given in the study pertains to geomagnetism.  

 
1 A Veeramany, G A Coles, S D Unwin, T B Nguyen, J E Dagle. 2018. ñTrial Implementation of a 

Multihazard Risk Assessment Framework for High-Impact Low-Frequency Power Grid Eventsò. 
IEEE systems journal, 12-4 (2018). 
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8016567  

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8016567
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Figure 7.Cumulative distribution function (capacity curves) for the transformer.  
Source: A Veeramany, G A Coles, S D Unwin, T B Nguyen, J E Dagle. 2018. 

2.9 Wind Turbine 
 
  Mohammad-Amin (2015)1 presents a document comprising three papers covering the 
wind energy production industry. The third paper is where he discusses wind turbine fragility 
curves in the context of seismic and wind excitations. In this paper, Mohammad-Amin (2015) 
uses a novel finite element model to evaluate the nonlinear dynamic behavior of a 5-MW NREL 
wind turbine submitted to various earthquakes and wind forces. The author verified the validity 
of the model by employing static and modal pushover analysis. Then, he used intensity 
measures and engineering demand parameters obtained from nonlinear incremental dynamic 
analysis to study the probability the exceeding multiple damage states.  
 
  Remarks: The intensity measures used are spectral acceleration (Sa), and wind speed 
expressed in meter per second (m/s). The equation below provides a lognormal distribution 
function representing the relationship between various intensity measures and the probability of 
exceeding a given damage state. This equation can be found on page 114 of the primary 
document. 
 

Ὂ Ὅὓ ɮ
ὰὲ
Ὅὓ
‘

„
                        ψ 

 
Where: IM = intensity measure of earthquake (PGD, Sa, PGA, Sd ) 
             µIM and ůIM = respectively mean and log standard deviation of the intensity measure 
             ū(.) = cumulative distribution function of standard normal variable 
             DS = damage level assigned to a certain engineering parameter or damage measure 

 
1 A Mohammad-Amin.2015. ñDynamic behavior of operational wind turbines considering aerodynamic and 

seismic load interaction.ò Doctoral Dissertations. Paper 2375. 
https://www.researchgate.net/publication/280025120_Dynamic_behavior_of_operational_wind_tu
rbines_considering_aerodynamic_and_seismic_load_interaction     

 

https://www.researchgate.net/publication/280025120_Dynamic_behavior_of_operational_wind_turbines_considering_aerodynamic_and_seismic_load_interaction
https://www.researchgate.net/publication/280025120_Dynamic_behavior_of_operational_wind_turbines_considering_aerodynamic_and_seismic_load_interaction
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The figure below, found on page 116 of the primary document, graphically illustrates the fragility 
curve of the 5-MW NREL wind turbine 
 

 
Figure 8. Fragility Curve for different damage states of the 5-MW NREL wind turbine for 2.5 m/s 
wind speed.  
Source: A Mohammad-Amin. 2015 

2.10 Lifelines  
 
  Argyroudis and Pitilakis (2014)1 consider that lifelines consist of utility systems (including 
electric power distribution) and transportation networks that provide vital services to 
contemporary societies. Their work focuses on explaining the various efforts deployed by the 
research community to understand the seismic vulnerability of the various components of the 
lifelines. For that reason, this paper provides an explanation for the seismic vulnerability 
evaluation of lifelines and introduces both an inventory and taxonomy of the potentially 
vulnerable elements of these networks. Moreover, the authors explain the foundation of 
earthquake hazard analysis before indicating that fragility curves are the most common tools for 
seismic risk assessment. Besides, Argyroudis and Pitilakis (2014) discussed the various 
aspects of the fragility models, including the types of models, performances, and uncertainties, 
reliabilities. 
 

 
1 S A Argyroudis, K Pitilakis. 2014. ñSeismic Vulnerability Assessment: Lifelinesò. Encyclopedia of 

Earthquake Engineering. Chaper: Seismic Vulnerability Assessment:Lifelines. 
http://dx.doi.org/10.1007/978-3-642-36197-5_255-1  

 

http://dx.doi.org/10.1007/978-3-642-36197-5_255-1
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  Remarks: This paper discusses the work done to understand the seismic vulnerability of 
lifelines and the steps taken to conduct the analysis. It presents examples of fragility curves 
from pages 19 to 22, among which the following one. 
 

 
Figure 9. Empirical fragility curves for power grids made up of substations of different voltages 
based on data from US west coast earthquakes.  
Source: S A Argyroudis, K Pitilakis. 2014.  
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3.0 Wind 

3.1 Wind Turbine 

Del Campo et al. (2020)1 present a study performed on 1 MW, 2.5 MW, and 3.5 MW 
land-based wind turbines under earthquake-induced hazards. In the study, the three wind 
turbines are in parked condition, are similar to the ones installed in Mexican wind farms in terms 
of dimensions and are located in a fictional place determined based on Mexicoôs wind capacity 
distribution. To conduct the analysis, the authors collected ground motions records from real 
events that happened close to the assumed wind farm site and developed Tuned Mass 
Dampers (TMDs) models for each of the three turbines. The paper estimated the parameters for 
the TMDs models by conducting harmonic analyses, whereas the optimal parameters were 
evaluated from time history responses obtained.   

  Remarks: The intensity measure used is Point Ground Acceleration (PGA). 
Mathematical fragility function forms and graphs are found in section 5 of the paper entitled 
ñDevelopment of Fragility Curvesò.  

Equation 9 provides a linear equation representing the median of the response in an earthquake 
case. Source: J Osvaldo Martin del Campo, A. Pozos-Estrada, O Pozos-Estradra. 2020.  

ὈὖὍὓ  ὥ‘ ὥ‚ ὥ• ὥ Ὅὓ         ω 
 
 Where : 

Ὀὖ= median of structural response 

µ=  mass ratio of tuned mass damper 

‚= damping ratio of tuned mass damper 

• = Frequency ration of tuned mass damper 

IM= represents the PGA of the ground motion as a fraction of g 
ὥ ὸέ ὥ = model coefficients  

 
1 J Osvaldo Martin del Campo, A Pozos-Estrada, O Pozos-Estradra. 2020. ñDevelopment of fragility 

curves of land-based wind turbines with tuned mass dampers under cyclone and seismic 
loading.ò Wind Energy 24-7(2020) 737-753. https://doi.org/10.1002/we.2600 

https://doi.org/10.1002/we.2600
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The fragility curves for the three different sizes of wind turbines are shown in Figure 10.  

Figure 10. Fragility curves different size wind turbines: (A) 1 MW wind turbine, 
(B) 2.5 MW wind turbine, (C) 3.3 MW wind turbine.  
Source: J Osvaldo Martin del Campo, A Pozos-Estrada, O Pozos-Estradra. 
2020. 

3.2 Wind Turbine 
 
  Zuo et al. (2020)1 begin their work by developing an elaborate three-dimensional finite 
element model of the NREL 5 MW wind turbine in ABAQUS. Secondly, they explicitly modeled 
the wind turbine towers and blades to realistically evaluate the aerodynamic loads and structural 
behaviors of the turbine. In the study, the authors accounted for the material, stiffness, and 
damping uncertainties to produce the probabilistic demand models for the turbine tower and 
blades subjected to aerodynamic and sea wave loading. Zuo et al. tested these models in a 
probabilistic frame before developing the fragility curves for both the blades and tower under 
operating and parked conditions. In the paper, the considered damage states (DS) for the tower 
and blades are based on the ultimate limit states and serviceability.  
 

 
1 H Zuo, K Bi, H Hao, Y Xin, J Li, C Li. 2020. ñFragility analyses of offshore wind turbines subjected to 

aerodynamic and sea wave loadings.ò Renewable Energy 160 (2020) pp. 1269-1282. 
https://doi.org/10.1016/j.renene.2020.07.066  

 

https://doi.org/10.1016/j.renene.2020.07.066
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  Remarks: The intensity measure used is wind speed expressed in meters per second 
(m/s). Mathematical functions are listed on pages 4 to 8, and fragility function graphs are on 
pages 10 and 12.  
 The following equation provides a power law functional expression of the structural 
demands for wind turbines under combined wind and sea wave stimulations. 
 

Ὀ άὺ
ὲ
 έὶÌÎὈ ὰάάὲὰὲὺ        ρπ 

 
    Where: Dw = median wind-induced out-of-plane displacement of the wind turbine 
                 vw = mean wind speed at the hub height 
                 m and n = coefficients obtained from regression estimation 
 
The fragility graphs for the blades under pared condition are shown in the figure below. 

 
Figure 11. Fragility curves for wind turbine blades in parked conditions.  
Source: H Zuo, K Bi, H Hao, Y Xin, J Li, C Li. 2020. 

3.3 Utility Poles 

  Salman (2014)1 discusses a method for performing fragility analysis of steel and timber 
utility poles under hurricane wind hazards. He used a Monte Carlo simulation to produce the 
fragility curves by accounting for wind loads, uncertainty in strength, and geometry. Then, 
Salman conducted a life-cycle analysis by comparing the timber and steel poles before 
concluding that steel poles were more advantageous than timber poles in terms of life-cycle cost 
and reliability. 

     Remarks: The intensity of measure used is miles per hour (mph). On pages 48 and 50, we 
find mathematical expressions of the fragility curves, whereas pages 52 to 56 contain figures 
that graphically display the fragility functions. 

 
1 A M Salman 2014. ñAge-dependent fragility and life-cycle cost analysis of wood and steel power 

distribution poles subjected to hurricanesò. Masterôs Thesis, Michigan Technology University.2014 
https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1779&context=etds  

 

https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1779&context=etds
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 Equation (11) estimates the fragility models of the steel and timber poles. The figure below 
graphically presents the fragility curve of new timber and steel poles. 

Ὂ ὠ ‰
ὰὲ
ὺ
ά

‚
                    ρρ 

Where: FR(v) = structural fragility 
            mR = median strength 
            v = wind speed 
            ɕR = logarithmic standard deviation of capacity 

 
      

  
Figure 12. Fragility curves of new wood and steel poles.  
Source: A M Salman.2014 

3.4 Utility pole 

  Kim et al. (2021)1 introduce a novel data-driven framework to support the decision- 
making process for utility maintenance in extreme weather events. After collecting imagery data 
from Google Street Views to analyze the geometric characteristics of utility poles, the authors 
examined the probability of failure of the poles using a three-dimensional artificial city model. To 
test the practicality of the model, Kim et al. (2021) applied their model to a Texan case study. 
They concluded that the proposed approach is capable of using public visual data to evaluate 
the fragility of utility pole networks.  

 Remarks: The intensity measure used is wind speed expressed in meters per second (m/s). 

The figure below shows the fragility curves of a leaning utility pole 

 
1 J Kim, M Kamari, S Lee,Y Ham.2021. ñLarge-Scale Visual-Data-Driven Probabilistic Risk Assessment of 

Utility Poles Regarding the Vulnerability of Power Distribution Infrastructure Systems.ò Journal of 
Construction Engineering and Management. 
https://ascelibrary.org/doi/10.1061/%28ASCE%29CO.1943-7862.0002153 

https://ascelibrary.org/doi/10.1061/%28ASCE%29CO.1943-7862.0002153
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Figure 13. Wind fragility curves pole and 30 degree leaning pole showing that leaning can 
increase failure probability. Source: J Kim, M Kamari, S Lee, Y Ham. 2021. 

3.5 Utility Pole 

  Allen-Dummas et al. (2019)1 document the existing analytical resources for sensitivity 
evaluation of electric grid components under hazardous weather conditions. Moreover, they 
highlight the insufficiencies in the research on quantitative methods available for studying 
electric grid componentsô fragility. The third section of the report explains how to quantify 
component damage or break down, and sections 5 and 6 detail the different vulnerability 
sources to electric transmission and generation systems. To learn more about essential 
functions for sensitivity analysis, one must read section 4 of the report. 

  Remarks: The paper presents only one fragility curve figure to graphically illustrate 
commonly used fragility functions. The intensity measure used in the graphs is wind speed 
expressed in meters per second (m/s). 

 
1 M R Allen-Dumas, B KC, C I Cunliff. 2019. ñExtreme Weather and Climate Vulnerabilities of the Electric 

Grid: A Summary of Environmental Sensitivity Quantification Methods.òORNL/TM-2019-1252. 
https://www.energy.gov/sites/prod/files/2019/09/f67/Oak%20Ridge%20National%20Laboratory%
20EIS%20Response.pdf  

https://www.energy.gov/sites/prod/files/2019/09/f67/Oak%20Ridge%20National%20Laboratory%20EIS%20Response.pdf
https://www.energy.gov/sites/prod/files/2019/09/f67/Oak%20Ridge%20National%20Laboratory%20EIS%20Response.pdf

















































































